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1. FUNDAMENTAL AND DERIVED UNITS

Metrio English
) st Abbrevi Abbrevi
g 3 Abbrevia- . Abbrevia—
Unit ton Uit tion
Length...... l meter. o ccececcccaaataa- m | foot(ormile} . _.._._. ft (or mi)
Time-.-c..-. t nd._ . . cccccecceeana- s second (or hour) ca... sec (or hr)
Foree.-...... 4 weight of 1 kilogram______ kg weight of 1 pound...... b
PowWer-o.oe.. P horsepower (metric)_.....|- eceaaan horsepoOwWer - .cocaco-- hp
Speed v {hlomet,ers perhour...... kph miles per hour- ... mph
"""" meters per second._.. ... mpa feet per second.......-| fps
2, GENERAL SYMRBOLS. )
Weight=mg - Kinematic viseosity

Standard acceleration of grant.y—g 80665 m/s’ p
or 32.1740 ft/sec?®

Moment of inertia=mk®. (Indicate axis of
radius of gi’rat.lon k by proper subscrlpt. )
Coeﬂimento viscosity

Density (mass per unit volume)

Standard denasity of dry air, 0.12497 kg-m™='-s? at 15° C
and 760 mm; or 0.002378 1b-ft~* sec?

* Specific wei ht of “ sr.a.ndard" air,
C0.07 651 Ib cu f b

1.2255 kg/m?® or

3. AERODYNAM]C SYMBOLS

Area .". e .' .f".

Area of wing. . T )

Gap . e . o

Span ° -, 0 = 7 @

Chord . T -0
] : . .

Aspect ratio, g’ . o R

True air speed

Dynamic pressure, %p v

: . - L
Lift, absolute coeﬁcler}t 0,,—-4-5,

Drag, absolute coefficient, Cpm D G
Profile drag, absolute coefficient 09,,—%’ as

. g a4
Induced drag, absolute coefficient Cp,w%‘, o
Parasite drag, absolute coefficient CD,B% T

Cross-wind force, absolute coefficient C'c-q%
2626°

-~ Angle of .set,t.mg of wings (relative to thrust line)
7 Angle of stabilizer setting (relative to thrust

line)
Resultant moment
Resultant angular velocity -

‘Reynolds number, p%! where { i3 a linear dimen-

sion (e.g., for an airfoil of 1.0 ft chord, 100 mph,
standard pressure at 15° C, the corresponling
Reynolds number is 835,400 ; or for an airfoil
of 1.0 m chord, 100 mps, the corresponding
Reynolds number is 6,865,000)

Angle of attack

- Angle of downwash

Angle of attack, infinite aspect ratio

Angle of attack, induced

Angle of a.t.t.a.ck absolute (measured from zero-
lift position)

Flight-path angle

e
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’ DETERMINATION OF THE CHARACTERISTICS OF TAPERED WINGS

By Rayuonp F. ANDERSON

SUMMARY

Tables and charts for use in determining the character-
istice of tapered wings are presented. Theoretical factors
are given from which the following eharacteristics of
tapered wings may be found: The span lift distribution,
. the induced-angle-of-atlack distribulion, the [ifi-curve
slope, the angle of zero Lift, the induced drag, the aero-
dynamic-cenler pogition, and the piching moment aboul
. the aerodynamic cender, =

The wings considered cover the complete range of taper
ratios and a range of aspect ratios from 2 to 20. The
factors given include the effects of sweepback and twist
and apply to wings having a straight taper plan form with
rounded tips and an elliptical plan form. The general
Jormulas of the usual wing theory are also given from
which the characteristics of a wing of any form may be
calculated when the section characteristics are known
Jrom experiment.

In addition tp the tables and charts, test results are
given for nine tapered wings, including wings with sweep-
back and twist. The test results verify the values com-
puted by the methods presented in the first part of the
report. A final section is given outlining a method for
estimating the lift coefficient af which a tapered wing
begins to stall. This method, which should be useful for
estimating the marimum lift coefficient of tapered wings,
ts applied to one of the wings tested.

INTRODUCTION

A large amount of work has been done on the deter-
mination of tapered-wing characteristics from airfoil
theory. Glauert has given some of the characteristics
of wings with straight taper for a limited range of
aspect ratios (references 1 and 2). Hueber has given
other characteristics of wings with straight taper for a
large range of aspect ratios (reference 3). Several
other papers have given various characteristics of
tapered wings. The data of all the papers, however,
kave been limited by one or more of the following
factors: Range of aspect ratio and taper ratio, number
of characteristics given, and omission of data on wings
with sweepback and twist. In order to provide more
complete information, data are given in this report for
a large range of aspect ratios, for the complete range

of taper ratios, and for wings with sweepback and twist.
As airplane wings are usually rounded at the tips, the
data are given for wings with rounded tips.

In addition to the theoretical characteristics, the
results of tests of nine tapered wings, including wings
with sweepback and twist, and a comparison of some
of the test results with theoretical values are presented.

The characteristics are given for wings having a
straight taper and rounded tips and for wings having
an eliiptical plan form, with an aspect-ratio range from
2 to 20. For these wings, formulas are given using
factors that are presented in tables and charts. From
the formulas and factors the following characteristics
of tapered wings may be determined: Span lift distri-
bution, induced-angle-of-attack distribution, lift-curve -
slope, angle of zero lift, induced drag, aerodynamic-
center position, and pitching moment about the aero-
dynamic center.

METHOD OF OBTAINING DATA
BASIC CONCEPTS

When obtaining the data used to determine the char-
acteristics of wings, a tapered wing is considered to con-
sist of & series of airfoil sections that may vary in shape,
chord length, and in angle of attack from root to tip.
Each airfoil section is assumed to have an aerodynamic
center through which the lift and drag act and about
which the pitching moment is constant.

With the section characteristics as a basis, character-
istics of the entire wing are obtained by integration
across the span. Formulas for the integrations will
first be given for a wing of any shape and zero dihedral;
that is, the aerodynamic centers of all the sections along
the span lie in a plane which passes through the root
chord and which is perpendicular to the plane of sym-
metry. Wings of particular shape will be considered
later and a method for including the effect of dihedral
will be given.

For any tapered wing the span lift distribution may
be considered to consist of two parts. One part, which
will be called the “basic distribution,” is the distribu-
tion that depends principally on the twist of the wing
and occurs when the total lift of the wing is zero; it
does not change with the angle of attack of the wing.

1
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The second part of the span lift distribution, which
will be called the “additional distribution,” is the Lft
due to change of the wing angle of attack; it is inde-
pendent of the wing twist and maintaing the eame form
throughout the reasonably straight part of the lift curve.

In the designation of the characteristics of a wing,
lower-case letters will be used for section characteris-
tics and upper-case letters for the characteristics of the
entire wing. The basic and additional section Lift coef-
ficients are then ¢;, and ¢;,, A complete list of sym-
bols follows. It is convenient to find the additional
lift coefficient for a wing C, of 1 and it is then designated
¢i,;. The two coefficients are related by ¢,=Ciey,,.
The total lift coefficient at any section is found from
the basic and additional coefficients from

ey=c1,+ ey,

where ¢, is the lift coefficient perpendicular to the local
relative wind at any eection as distinguished from ¢
which 13 perpendicular to the relative wind at a dis-
tance. For convenience, however, ¢; will be used and
may be considered equal to ¢;,,

STMBOLS

A, aspect ratio, b?/S. -

b, span.

¢, chord at any section along the span.

¢, tip chord (for rounded tipa, ¢, is the fictitious
chord obtained by extending the leading and
trailing edges to the extreme tip).

- ¢,, chord at root of wing or plane of symmetry.

S, wing area,

8, angle of eweepback measured between the
lateral axie and a line through the aerody-
namic centers of the wing sections. (See
fig. 1.)

¢, aerodynamic twist in degrees from root to tip,
measured between the zero-lift directions of
the center and tip sections, positive for
washin.

z, longitudinal coordinate, parallel to the root
chord.

vy, lateral coordinate, perpendicular to plane of
symmetry.

2, vertical coordinate in the plane of symmetry,
perpendicular to the root chord.

Te.c., 2 cooTdinate of wing aerodynamic center.
a, wing lift-curve slope, per degree.
@, wing se~tion lift-curve slope, per degree.
. m, wing lift-curve slope, per radian.
m,, wing section lift-curve slope, per radian.
a, angle of attack at any section along the span.
a,, wing angle of attack measured from the chord
of the root section,
a.,, absolute wing angle of attack measured from
the zero-lift direction of the root section.
ay,, angle of zero lift of the root section.

au, » angle of zero lift of the tip section.

a4y o, Wing angle of attack for zero lift.
a;, section induced angle of attack.
¢y, section Lift coefficient perpendwula.r to the
distant relative wind.
Subscripts for ¢
0, refers to section Lift coeflicient
perpendicular to the local rela-
tive wind.
b, refers to basic lift {(Cr=0).
a, refers to additional lift (any C.).
al, refers to additional lift (Cr=1).
¢4, Section mduced—drag coefficient.
€4, Section profile-drag coefficient.
Cmy ., 30Ction pitching-moment coefficient about sec-
tion serodynamic center.
I, section lift.
m,, section pitching moment due to additional lift
forces.
M,,, wing pitching moment due to additional lift
forces.
Cw,,, Wing pitching-moment coefficient due to addi-
tional lift forces.
0.., , wing pltrchmg-moment coefficient due to basic -
_ lift forces.
Cn,, wing pitching-moment coefficient due to the
pitching moments of the wing sections.
Cw, ., Wing pitching-moment coefficient about its
aerodynamic center.
C;, wing lift coefficient.
Cp,, wing induced-drag coefficient.

GENERAL FORMULAS

Formulas in terms of the section characteristica,.—
The induced angle of attack at any eection is obtained

from ¢; by
C;
aG=a— =
Mo
The section induced-drag coefficient 13 obtained from
a; and ¢; from
Cq, =0,

and the induced-drag coeficient for the entire wing
may be obtained by integration across the eemispan
from the section velues:

Com3 [, wewdy (1)

In order to obtain the serodynamic center and the
pitching moment of the wings, & system of reference
axes was used; the origin was at the aarodynamm center
of the root section and the axes were as shown in figure
1. The x axis (fig. 1 (a)) is parallel to the root chord,
and the y axis (fig. 1 (b)) is perpendicular to the plane
of symmetry with positive directions following the
vectors. The wing axis is the locus of the aerody-
namic centers of the sections and lies in the z-y plane.
The lift ! and the coefficient ¢; of any section along the
span are represented in figure 1.
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A typical section with the aerodyna.mic center
focated at a distance r from the ¥ axis has a moment
arm of

T oS a,

and & pitching moment about the lateral axis (fig. 1)
due to the additional lift force of

my=—x cos al,
but the lift increment of any section is
la=cigc
?.nd the pitching moment for the entire wing is obtained
rom

b2
M, =—2q cos a.J; ¢, cxdy

Wing ocerodynomic center,
1Y

Moot -section YW &
gerodynomic center ¥

Aerodynomic center
of any section
between, roof ond fip

1yl
— My
—\_.-'-._-_._ b i

i [
LA 'H"]:H" e S e
Rool- section chord” b
Tip-section c!mrd-’ %,
) Aerodynamic centfer of conatruction f.p section

{a) Determination of Lwist.

Roo?-section aerodynamic center

Loteral axisy_ ﬂ
— e —F

. .'IT.';. — T

i e il IR 5:-\

i ] .
o K L
Wing aerodyromic ‘center Constriction e section
{b) Stralght-taper wing with rounded tips.

iy

Wi

— ng
i o ﬂzﬂ_.__._‘:‘::;:,__
i - =

———

—

5
i

(c} Distorted alliptical wing.
Froung 1.—Form of wings.

Pitching-moment coefficients for the entire wing will
be based on a chord length of S/b so that

M

Cm=q§,

The pitching-moment coefficient due to the add1t10na.1
lift forces then becomes

2 b2
Om’.——" — T cos a,J; ¢ cxdy

The additional lift forces have a centroid through
which the lift may be considered to act. This point
is the aerodynamic center of the wing and its z coordi-

(See fig. 1.} This dis-
Thne term

nate will be designated xz,.,..
tance corresponds to ¢ in reference 4.
Cm, then may also be expressed

Cmy =—(2a.c. CO8 a.)§0L

If the previous expression for Cn, is used, z,. is

-

obtained as a fraction of S/b by

2b (i1
o Sy ety o
ST o ’

The moment due to the drag forces Lias been omitted
because it is rclatively small, except for wings with
large amounts of sweepback or dihedral.

The pitching moment of the basic lift forces is a
couple and is therefore independent of the axis about
which it is determined. The lateral axis was used to
facilitate computation but, when the pitching moment
is used, it is convenient to consider it constant about
an axis through the aserodynamic center. According
to the method previously used, the pitching-moment
coefficient due to the basic lift forces is

Om, =+ g—zbﬁm ¢, cxdy 3)

The cos Qag . (the cosine of the angle of zero lift of
the wing measured from the root chord) has been
omitted because it is practically equal to unity.

In addition to the basic hift forces, the pitching
moment of each section also contributes to the pitching
moment of the wing, which is obtained by

2% (b2
C"'.!:g" f Cmg o

ey )
The total moment about tlie aerodynamic center is
then the sum of the two foregoing parts

C""n.c. = ’"d.+0"'s

Formulas in terms of the coeflicients of the Fourier
series,—In order to obtain data from the foregoing
formulas, the spanwise distribution of the lift coefficient
(following Glauert) was expressed aa the Fourler serics:

c.=% A, sin ne

where 4 is related to the distance along the span (fig. 1)
by y=(-b/2) cos ¢ and only odd values of n are used.
When ¢; i3 expressed in the foregoing manner, it is
possible to obtain the induced angle of attack in the
form

Also the coefficients A, may he expressed in the form

- An= naa.+ Cuf
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where a,, is the ahsolute angle of attack of the root
section; that is, the angle of attack of the root section,
measured from its direction of zerp lift, and ¢ is the
wing twist measured hetween the zero-lift directions
of the root and tip sections.

When the preceding expressions for ¢; and «, are
suhstituted in the foregoing formulas, the characteris-
tics are ohtained in terms of the coefficients B, and C,,
which in turn are grouped into factors.

From (1) the induced-drag coefficient may he ch-
tained in the form:

2
On,=;%a+ozﬁanv+ {eao)™w

where A is the aspect ratio, and

| 2 |
5[ e-0)]
- x5

=3 857

In the determination of the aerodynamic-center
position, the wing axis is considered to he a straight line
and the angle of sweephack is § (fig. 1), then

z=|y|tan 8

and from (2) the z coordinate of the aerodynamic
center is ohta.mad as

ﬁ = HA tan ﬁ
where

B, B, B
H“TB ( +2 521 +45‘*‘

lsm [(n—2)x/2] sin [(n+2}1r/2]D
3 (n=2) n+2)

From (3) the moment due to the hasic lift forces
becomes
0..,h=—6'eaoA tan 8

where ao is the saction lift-curve slope for the wing and
HIG S DS 16
5 21

5 oy
(The term 0..,,0 is equal t0 Cnm,, in reference 4.)

Also from equation (4) the pitching iuument of the
wing due to the pitching moments of the sections is
expressed as

Cn,=Ec
_is constant across the span and
b2
——-—%bg ] cidy

In addition to the foregoing formulas, the following
formulas were ohtained in terms of B, and C, for other

Ma.c.

where Cm, ,

characteristics. The hasic and additional lifts at any
point along the span were expressed hy the dimension-
less quantities

La—@[Z(C - FB )sm na]

nm3 b, 7
and
B, .
. =-[ZF sin ,w]
x| a=1.3,57
so that
and .
c‘“l—_—éEL'
The lift-curve slope was ohtained in the form
a= TAB]
57.3

By the introduction of the slope for an elliptical wing, -
a may he expressed

o=f —zr. +57 .30,

j——( +57 300)
The angle of zero lift was ohtained in the form
a'c __Cl
e 2 B__
The angle of attack of a wing may then hy given hy
=—-%+mol+Jc

where

where a, is the angle of attack measured from the chord
of the root section, and a, is the angle of zero lift of the

root section.

The general formulas and the factors used with them
have now heen outlined. The manner of ohtaining the
data will he completed hy explaining the method of
finding the coefficients B, and , used in computing
the factors.

Determination of the coeficients of the Fourier
series.—The coefficients B, and €, depend on the shapc
of the wing. The two wing shapes used are shown on
figure 1. Wing (b) has a straight taper plan form with
rounded tips and (¢) an elliptical plan form. Th#
tapered wing is shown with sweepback and the clliptical
wing without, hut either wing may or may not have
sweepback. The rounded tip of the tapered wing is
formed within a trapezoidal tip of length ¢,, and the
taper of the wing is determined hy the tip to root
chord ratio ¢,/c,, The aerodynamic centers of the
airfoil sections lie on a straight line across the semispan
and form the wing axis. The elliptical wing is formed
hy distorting an ellipse until the wing axis hecomes
straight. In order to determine the wing axis, the
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aerodynamic centers of the airfoil sections were taken
at the quarter-chord point, The straight wing axis
may then be given sweepback with each chord moving
parallel to its original position. The same process
would be used to change the sweepback of the tapered
wing.

For the wings considered, the twist varies linearly
from Toot to tip and the total angle of twist is e. As
shown in figure 1, ¢ is the twist measured between the
zero-lift directions of the root and tip sections.

Tapered wing.—Ior the tapered wing the coefficients
B, and C, were determined from the equation

a=2A, sin 5 6(_7%+$) )

where o, is the absolute angle of attack at any section;

that is, the angle of attack measured from the zero-lift

direction for the section. The coefficients B, and €,
-are related to A, by

Ap=Bo,,+Cie

“where a,, is the absolute angle of attack of the root
section. The value of m, used in the preceding equa-
tion was 5.79 per radian, which approximates the lift-
curve slope of good airfoil sections. For the linear

taper a, becomes
ag=a, +ecosd

For a wing of any particular aspect ratio and taper
ratio, equation (5) was satisfied at four points along
the semispan by the usual method {except for ¢,/c,=
for which six points were necessary to obtain sufficient
accuracy), and values of B, and C, for n=1, 3, 5, and
7 were found. _

The elliptical wing.—For the elliptical wing the fore-
going fundamental equation may be simplified and a
new series of coefficients, independent of aspect ratio,
may be obtained. The coefficient 4, forn=3,5,7...

« may be obtained in the form
L
o

My

where %, is determined from

i sin 3¢ _sin 58
co8 6—k3(1+ i 9 ks(l sin 0)
sin 74
+k’(1+ Bin ¢

The factors for the elliptical wing then take the form

L.—4A|:“3'” 1A+n osm ne]

L=3y/1- (6/2)

T
1+57 .3y

f=

J=—k3+k5—k1 -
u=1

v=0

2, @]

H=2

a=

3
2k,

51(1 +3m°

ks
(1+5—m~‘! 45«(1+7m°

constant along the span)

G=

E_3‘l'1 (cmd .

The foregoing factors were obtained for the elliptical
wing and for a straight-taper wing with trapezoidal tips
for a range of aspect ratios from 3 to 20 and of taper
ratios from 0 to 1. The factors were also obtained for
the tapered wing with rounded tips for a sufficient
number of aspect ratios and taper ratios so that the
complete range could be covered using the factors for
the wing with trapezoidal tips as a guide. Cross plots
were then made to obtain figures 2 to 9 and the values
for wings with rounded tips presented in tables I and
II. Although the factors become less reliable as the
aspect ratio is decreased, it was considered desirable to
extrapolate the curves to an aspect ratio of 2 as the
factors in the low-aspect-ratio range may be of use in
the absence of other data. Additional spanwise lift-
distribution data computed for the elliptical wing are
given in table III. :

USE OF TABLES AND CHARTS

In order to find tbe characteristics of a wing having
a straight taper and rounded tips or having an elliptical
plan form, the tables and charts may be used directly.

The properties of the wing should first be determined;
that is, the taper ratio ¢,/¢,, aspect ratio A, span b, the
area S, the aerodynamic twist ¢ in degrees, the angle of
sweepback 8, and the average value of section lift-
curve slope, as well as the section lift-curve slope a,
the section pitching-moment coefficient ¢.,, ., and the
chord ¢ at convenient stations along tlie semispan.

The chord and ¢, should be found at the spanwise
stations given in tables I and II to facilitate finding
the spanwise lift distribution. Then, for the values of
¢,fe, and A, values of L, and L, may be found from
tables I and II by interpolation if necessary. The
section lift coefficients ¢;, and ¢,,, are then found for each
station along the semispan from

eaﬂS
cb

b
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Fravaz 7.—Chart for determiniug pitching moment due to section momaent,
Cp,mEta,,,

For¢m, , constant across the spen.
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and ¢, for any value of €, for the wing is obtained from

ei=¢i,+0C ey,

o ] T 1Y e 1] I |
_wej_:.-h!;:...l. B ] o r | |
e e e
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Fiaukx 8.—Chart for determining pitching moment dus to basic 1ift forces.
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FiGuee 9.-~Chart for determining aerodynemlec-center position.

Tquen

Sfb

- [iA tan 8,

The actual basic, additional, and total lifts for any
section of the wing may then be obtained from

to—C;DQC
l;=0Cye,, 0
I=¢gqe

Values of I may be computed for the various spanwise
stations and the curve of the span lift-distribution may
be plotted. Typical semispan lift-distribution curves
are shown in figure 10.

The semispan induced angle-of-attack distribution

may be obtained from
Q= Qg = a:’
where

aa=aa,+b%e

408317 O—41——2

a.‘—“%‘l":fe

The remaining characteristics are obtained simply
by finding the required factor for the desired values of
efe, and A from the charts and by computing the
characteristics from the formulas previously given,
using the average value of a, where a, is required. The
formulas are summarized here for convenience.

Lift-curve slope:

a=f—z=q-

1+5: T

Angle of attack corresponding to any Cp:

=%+a:0‘+Je
Angle of zero lift:
"-—-—a;o'-}-Je

®yipmp)

Induced-drag coefficient:

Cp= Au-}-CLeaob-}-(eao)’w

120 CT]
S0Pt i 1 i
# a T
P I
T S
L T |
§ & X
™
~
i “
20 \Y
~ A
o T o
o 2 < & a 0 2 M s 8 A0

DOistonce along semispon. feet
Fluure 10.~Typical semispan lift distribution. Cp=1.2.

Pitching-moment coefficient about an axis through
the aerodynamic center:

0"‘: £ 0""1 + 0"‘ Iy
0’"3 = Eomm.c .

C‘,,,a=—G'ea°A tan 8
Aerodynamic-center position (z coordinate):

Ta.c,
=
Although C., may usually be determined from the
foregoing formula, equation (4) should be used if
Cmg . VOTics considerably across the span.
Dlustrative example.—In order to illustrate the
method of using the charts, an example will be worked

=HA tan 8
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out for a wing with straight taper and rounded tips
having the following characteristics:
A=6
¢.fe,=0.5
b=40 feet
S$=266.7 =q. {t.
8=10°
CL=12
g¢=101b./sq. ft.

Root section: Construction tip section:

N.A. C A 4415 N. A.C. A. 2409
G, = 0.097 a,,= 0.099
a¢0’=—-3.8° a,0‘=—1.7°

Cmg . = —0.083 Cm, , =—0.044

The angle of twist mcasured between the chords of the
root and construction tip sections is —5° (washout).
Then, by the use of the angles of zero lift of the root
and tip sections and by reference to figure 1, the angle
of aerodynamic twist is determincd to be —7.1°.

The chord at several stations along the semispan
and the calculation of the lift distribution are given
in table IV. In the table, a, and ¢a,, are assumed
to have a linear variation along the semispan. Values
of L, and L, were obtained from tables I and II for
an aspect ratio of 6 and a taper ratio of 0.5 and the
basie, additional, and total lift distributions were com-
puted and plotted in figure 10. The pitching-moment
coefficient ¢n, , varies so much along the semispan
that Cm, cannot be found by use of the factor E but
must be found from (4). Accordingly, cm, ¢* 18
plotted against y in figure 11 and (., is found from the
ares under the curve to be —0.072,

-8 — -
AN EEEN HRE)
<""\.
- HH T H
S ] - A " —
N'_4 \\ et _.___L S e
0} H::"“'--...,____ 1 i I
.2 1 — -
ot

o 2 4 6 &8 /0 12 4 6 8 20
Diatonce along semispon. feel

Figunz 11.—Graphleal determination of section pitching moment.

c. -2 ’c.,,_:!dy-—n.mz

-~ 5

From figures 2 to 9 and the equations on page 7
the remaining factors and characteristics are deter-
mined to he

JF=0.998 a=0.0755
J=—0.408 a,=15.0
, ©u=0.995 "l(c-o=_0'9
v=0.0001 ép‘=0.0786
w=0,0039
G=0.0199 C""a=0'015
H=0.214 Te.=1.51 {t.
O, . =—0.072-+0.015=—0.057

@.c.

Method for wing of special form.—If it is desired to
find the characteristics of a wing having a chord dis-
tribution that lies between the cliord distributions of
the tapered and elliptical wings, such as & wing with a
constant-chord center section, an interpolation may be
made between the values for the tapered and elliptical
wings to find most of the characteristics.

The lift distribution for such wings may be found by
an approximate method that has been tried for a few
wings having parallel center sections and has given
satisfactory results. The mectliod has been taken from
reference 5 with the symbols converted to the notation
of this report. Approximate values of L,, which will
be designated L,’, may be calculated from

BRI
EEC RN

b/—z-
where
v 2
_sl{vi-() +1
% =A ot 8
b2 mean

The procedure is to choose a number of points at con-
venient intervals along the semispan (12 points should
be sufficient for the usual plan forms); then from the

N \?
Vi-(%)
values of ¢ at those points the mean valuc of 1ranu4:b/‘2

b2
is calculated. The value of a; may then be found and
from the values of i and ¢, L,” at each point along the
semispan may be computed. The values of L,” should
correspond to a (', approximately equal to 1. The

“actual €, may be found from

= J, Eu(ifp)

and (', may be convenicntly found from the area under a
curve of L, plotted against 5% Finally, L, may be

found from L,=ZL,/C;. Values of ¢,,, may then be
calculated by the previously indicated mecthod and, if

desired, Oy, and Ze. ¢

and (2}

If a wing has considerable dihedral or a curved wing
axis, an integration may bc made directly from the
section characteristics. For this purpose, tlie best
procedure would be to resolve the section values ¢,
and ¢, into components along and parallel to the z
and z axes, where the 2z axis is perpendicular to the
z axis and lics in the planc of symmetry. Owing to
dihcdral, therc will be a vertical coordinate of the aero-

S/b may be found froin cquations (1)
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dynamic ¢enter and a pitching moment ahout the acro-
dynamic center of the force components in the z direc-
tion. The coordinates of the aerodynamic center and
of the pitching moment ahout it may he found from
integrations like (2) and (3) hy suhstituting the appro-
.priate values of the zr and 2z force components. For
example, z,.. would be found from :

=TT,

Ta.c.
Zz

e C2AY

where
9 (b
Cz,= 5), CeiC0Y

9

to the desired angle of twist and the sections hetween
the root and tip were then formed hy using straight
lines hetween corresponding stations of the root and
tip sections. Formation of the wings in this manner
results in a nonlinear distrihution of twist along the
semispan. In plan view the quarter-chord points of
the sections lie on a straight line across the semispan;
the sweephack was measured -hetween this line and
the lateral axis. '

Three different amounts of sweephack, 0°, 15°, and
30°, and three types of airfoil sections, symmetrical,
camhered, and reflexed, were used,

As the wings differ primarily in airfoil section,
sweepback, and twist, a convenient designating number

The values of z, ., and Cz, may he found hy plotting

| y) I} ]
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E:z-l 11 #Y .16 8 o006 + -t~ \
T ¥ S,
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EEE T Sy (50 area Y, - .
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FIaUeE 17.—Tapersd N,

¢:,cx and ¢, c against the distance along the semispan
and finding the area under the curves.

TESTS OF TAPERED WINGS

In order to provide test data on tapered wings,
including wings with sweephack and twist, and to
provide a check on the previously outlined method of
computing characteristics, nine tapered wings were
tested. The plan forms and sections of the wings are
shown in figures 12 to 20. The aspect ratio of all the
wings was 6; the taper ratio of eight of the wings was
0.5 and of one wing was 0.25. For all the wings the
thickness ratio of the root section was 15 percent and

Lift coefficient €,
Ca oo™ Mbig8?

A.C. A, 00-0-0 alrfoll,
was used to distinguish the wings, such as 24-30-8.50.
In this numher 24 designates the N. A. C. A. airfoil
mean line, 1. e., 2 means 0.2 chord maximum camber
and 4 that the maximum camher is at 0.4 chord; 30
gi~ s, the sweephack in degrees; and B.50 gives the
washout in degrees,

The wings are listed in tahle V. The first two wings
have no sweephack and no twist and differ only in
airfoil section. The next two have increased sweep-
hack, The five remaining wings are examples of
various methods of comhining sweepback, twist, and
nirfoil section to ohtain wings having a small positive
pitching moment; such wings would he suitahle for

of the tip sections 9 percent. The tip section was set

tailless airplanes. The amounts of twist and of
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sweepback necessary to ohtain the desired pitching
moment were determined by the method previously
given for computing pitching moments, except that
data for wings with trapezoidal tips were used. The
24-30-8.50 wing has sufficient twist to ohtain the
desired pitching moment using & cambered section
and 30° sweephack. The 2R,-15-8.50 wing has the
same twist hut half the sweepback and a reflexed
airfoil section to obtain a positive pitching moment.
The 2R;-15-0 airfoil has no twist and increased reflex.
A symmetrical section together with twist is used for
the 00-15-3.45 wing, while the last wing has the same
twist and sweephack as the previous wing but a taper
ratio of 0.25.

The varishle-density wind tunnel in which the tests
were made is descrihed in reference 6 together with
the method of making tests. The lift, drag, and
pitching moment of the wings were measured at a
tank pressure of 20 atmospheres.

The results of the tests, corrected for tunnel-wall
effect, are given in the form of dimensionless coeffi-
cients and are plotted in figures 12 to 20. The lift-
curve peak is given for two values of effective Reynolds
Number to indicate the scale effect. The effective
Reynolds Number, at which the maximum lift coeffi-
cients apply in flight, is the test Reynolds Numbher
multiplied by a turbulence factor, 2.64.

In order to make possible & more accurate reading of
drag coefficients than can be made from the plots
sgainst angle of attack, a drag coefficient has been
plotted against lift coefficient with the induced drag
for elliptical span loading deducted; that is
(0
=
The coefficient Cp, is called the “‘effective profile-drag
coefficient”’ and is useful for comparing the drag of
tapered wings, as it includes with the true profile drag
any additional induced drag caused hy a departure
from the ideal elliptical lift distribhution. Notice
should he taken that Cp, cannot he used like a profile-
drag coefficient to compute the effect of change of
aspect ratio hut applies only to the particular wings
tested. The values of Cp, have been corrected to the
effective Reynolds Numher (references 7 and 8) by
allowing for the reduction in skin-friction drag due to
the change from the test to the effective Reynolds
Numbher. The reduction amounted to ¢'5=0.0011.

The piteling-moment coefficients plotted against the
lift coefficient are given about an axis through the aero-
dynamic center of the wings in order to ohtain a prac-
tically constant value of pitching-moment coefficient.
The aerodynamic center was determined from the
slope of the test pitching-moment curve. The loca-
tion of the aerodynamic center is given on the plots hy
its distance from the leading edge and ahove the chord
of the root section. These distances are given as
fractions of the ratio of area to span, S/b.

OD.= On—

The shapes of the lift and pitching-moment curves
near maximum lift provide information on the na-
ture of the stalling of the wings. The 24-0-0 wing
has a sharp drop in lift after the maximum, indicat-
ing that stalling occurs almost simultaneously over
& considerable portion of the wing. Also the C,
after the stall is like that of normal! wings. In con-
trast to this wing, the 24-30-0 wing, which has the
same airfoil sections but 30° sweephack, has a rounded
lift-curve peak, indicating that stalling occurs pro-
gressively along the span. The pitching-moment
coefficient is positive after the stall, which shows that
stalling hegins at sections hehind the aerodynamic
center. Washout, as in the case of the 24-30-8.50
wing, reduces the tendency to stall of sections behind
the aerodynamic center, which may he vernfied hy
reference to the C, , curve. Stalling, however, still
hegins hehind the aerodynamic center, as the Oy _ is
positive after the stall. All the wings, except the
24-30-0 and 24-30-8.50, are stahle after the stall.

The important test results for all the wings are
summarized in tahle V. The coordinates of the aero-
dynamic center are expressed as fractions of S/b. The
24-0-0, 24-15-0, and 24-30-0 wings show a decrease of
Ci,,,. 88 the sweephack is increased. For the 24-30-
8.50 wing, the effect of sweephack is partly compen-
sated hy twist, which reduces the tendency to stall
of the low Reynolds Numher sections near the tips
and therefore increases €. ,,. The drag, however, is
also increased. Of the wings designed to have a small
positive Cn, the 2R,~15-0 wing has the highest ratio
of Oszon,mm

COMPARISON OF TEST AND CALCULATED RESULTS

Pitching-moment characteristics, lift-curve slope,
and drag.—The lift distribution and other theoretical
data used to determine the desired pitching-moment
coefficient of the wings are now used to predict other
characteristics. In addition to Cw, the aerodynamic-
center position, the angle of zero lift, and the lift-curve
slope have heen calculated. The values of ¢ were cal-
culated from the formula in figure 2. In this formula
a value of ¢, corresponding to the a, for the N. A. C, A,
0012 and 2412 sections at a Reynolds Numhber of
3,000,000 was used, inasmuch as the effect of variations
of ¢y with section and Reynolds Numbher is small. As
the value of @, used in the formula was derived from
tests of rectangular wings, a correction for squars tips
has heen applied in order to ohtain & hetter value of the
section lift-curve slope. The correction, derived from
tests of wings with rounded tips, is given in reference 9.

The calculated values of the pitching-moment coeffi-
cient at zero lift, the aerodynamic-center position, the
angle of zero lift, and the lift-curve slope are generally
in good agreement with the test values (tahle VTI).
The agreement of the pitching-moment coefficient at
zero lift and the aerodynamic-center position, which are
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calculated from the basic and additional lift distribu-

tions, rsspectively, indicate that the theoretical lift
distributions must also agree reasonably well with the
actual distributions.

In addition to the foregoing characteristics, the drag
has been calculated for the 00-0-0 and 24—0-0 airfoils.
The comparison between calculation and experiment
is based en values of the effective profile-drag coeffi-
cient. The calculated values were obtained from

2 o 2
CD.=§J; f’qﬁdy'{" Co ."%

In order to find the value of the integral, values of
¢s, were determined as follows at several points along
the semispan for convenient values of total wing C;.
For each value of (;, the distribution across the semi-
span of ¢;, Reynolds Number, and thickness ratio were
calculated. Then; for each point on the semispan,
¢a, was found for the appropriate ¢;, Reynolds Number,

t6 I —
TP EELT
2 G = 1,37k S10HiNG € fCtage)--1--[= \

12p=t - PR

. - 7 St 7 begins - S
B ™~ “‘\

. 00-15-345(4:1) wing \k“t
e

N

4

£
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Ficues 21.—Dstermination of the Crat whicha l.lpomd wing begins to atall,

and thickness ratio, using data that are expected to be
published soon in a report concerning scale effect on
airfoils, From the values of ¢, 8 curve of ¢,c was
plotted against y and the value of the integral was
determined from the area under the curve. The value
of Cp, was obtained for the formula prsviously given.
The calculated and test values of Cp, are compared in
figzures 12 and 13. The agreement is considered good.

Estimation of maximum lift ceeficient. A final
characteristic to be estimated is the maximum lft
coefficient, which should be nsarly equal to the Cy at
which stalling begins. The method of determining the
C; at which stalling begins is demonstrated for the
00-15-3.45 (4:1 taper) wing in figure 21. The lift
coefficient at which each section along the semispan
stalls (shown by the dashed curve) was obtained by

using the maximum lift coefficients of the symmetrical
sections given in reference 10 but with the valuss of
Ot e increased 3 percent. This correction was made
for the same reason that a, was corrected; that is, to
allow for the effect of square tips and thereby to obtain
a closer approach to true section characteristics.
Better section characteristics will be obtained as a
result of an investigation in progress but the correction
used is sufficiently accurate for the present purpose.
As the values of Cy,,,, given in reference 10 were for a
Reynolds Number of 3,000,000, correction increments
were applied to correct the values of C;_, to the actual
Reynolds Number of each section along the span.
Correction increments applying to various airfoil sec-
tions are expscted to be published in the previously
mentioned report concerning scale effect on airfoils.

The curves of ¢; distribution for several values of
wing (. given in figure 21 were determined by the
method previously given for finding ¢; distribution.
As soon as the ¢; curve becomes tangent to the stalling
Cimes CUrve, the section at that point reaches its maxi-
mum lift coefficient and stalling should soon spread over
a considerable part of the wing. Thus, for the 00-15-
3.45 (4:1 taper) wing, stalling is indicated as beginning
near the tips, at a C; of 1.31. Stalling, however, is so
close to the tip that it may be modified by the tip
vortex. The measured Cy_,, is 1.32, but this value is
probably low owing to the sweepback of the wing.
This method, when applied to several other tapered
wings without sweepback but having various taper
ratios and aspect ratios, gave a stalling O that was
within a few percent of the measured €., for all the
wings; therefore, the method should prove useful for
estimating the C.,, of tapered wings.

The 00-15-3.45 {4:1 taper) wing is an exanple of the
harmful effect of excessive taper on Cy,,,,. Large taper
not only tends to cause a low C,_,, but also tends to
cause stalling near the tips, which results in poor lateral
control at low speeds. Improvement could be obtainsd
by using less taper and thicker sections near the tips.

Although all of the characteristics of tapered wings
have not yet been satisfactorily calculated, it may be
concluded that the following important aerodynamic
characteristics-—angle of zero lift, the lift-curve slope,
the pitching-moment coetficient, the aerodynamic-
center position, and the span hft distribution—can be
calculated with sufficient accuracy for engineering
purposes.

-
kY
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TABLE I—BASIC SPAN LIFT-DISTRIBUTION DATA
VALUES OF L, FOR TAPERED WINGS WITH ROUNDED TIPS c.,-":-‘-“b-sL.
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TABLE I.—BASIC SPAN LIFT-DISTRIBUTION DATA—Continued

VALUES OF L, FOR TAPERED WINGS WITE ROUNDED TIPS c,,=f.‘:°TS Ly.
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TABLE II.--ADDITIONAL SPAN LIFT-DISTRIBUTION DATA e
VALUES OF L, FOR TAPERED WINGS WITH ROUNDED TIPS, Ca= La
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TABLE II.—ADDITIONAL SPAN LIFT-DISTRIBUTION DATA—Continued
VALUES OF L, FOR TAPERED WINGS WITH ROUNDED TIPS, c,.l—%L.
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080 | .15 | ‘2 | .95 ] ‘33 | ws | 30 | 403 | a8 | 48 ! 438
068 | 181 | (M2 | (30 | 3so | 308 | (43 | a0 | (as | Lem | 473
. 088 . 163 . M8 . 320 . 318 413 . 458 . 458 . 478 . 495 . 510
‘oM | C1es | 235 | 33 | .aea | 435 | .63 | 488 | (510 | 529 | [ms
063 | T180 | Joss | I3 | ca12 | 481 | 492 | s | B9 860 | 380
. 082 kit .m L3683 . 435 . 483 .518 . 54 . 570 503 . 013

TABLE IIL—ADDITIONAL SPAN LIFT-DISTRIBUTION
DATA FOR THE ELLIPTICAL WING, ¢, = L,

) 4

{753 0

0 .21
.2 1. 248
N} 1. 187
.8 L0
.. . T84
.9 . 555
5 . 308
075 . 2R3

TABLE IV.—CALCULATION OF LIFT DISTRIBUTION FOR ILLUSTRATIVE EXAMPLE

.5%2- ' a Ly L. tey, i | CiXe, ' N i, Iy I
0 9.13 | 0.007 —0. 352 1.300 0.127 0. 980 1. 140 1,267 11.59 104.0 115.8 -0, 083 -4.92
.2 a2 00T -, 178 1.238 g 1. 003 1,205 |- 1.303 8.08 w0 107. 2 —. 075 —5.068
.4 7.30 .08 —. 018 1. 138 012 1.03% 1. 248 1.260 _88 L0 2.0 —. 067 -3.57
.0 0.39 098 ,1al .03 -.073 1,038 1. 242 1.109 —4.55 70.8 .7 -, 08 =245
.8 5.42 . 160 .75 —. 133 9 1. 148 1.007 -=7.48 82.0 5.8 -. 052 -1.53
.9 i4 00 189 508 -, 145 5 1.061 .894 7.4 47.7 40.3 —.(48 - 97
.95 3.43 098 128 151 =. 178 L877 1.053 .878 =0.01 30.2 30,1 -. 048 -5
975 2.47 . 008 . 088 . 332 -, 187 .896 1078 900 —4.13 2.0 2.4 —. 045 -
1.0 0 {.009) 0 Q 0 . 0 0 a 0 0 (. 0A4) 0
PRI ALI R

5 0.87
’C%,-EL.--? E



20 REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

TABLE V.—.SUMMARY OF TEST RESULTS
[Effective Reynolds aumber, spproximately 8, 000, 000]

1 C (o0 [/ ! 1A
Wing Clace | “00_,, | “tan®00,, Sﬁ k173 ‘s
1.53 auo‘.ra 201 0.320 | 0.047| O
1.63 218 A12 L0581 | —. 40
1.63 cma 215 X .01 | —.043
143 | .o7e 188 1.108 | .084 | —.043
1.51 .m 180 1. 119 040 .002
L8| 0003 113 a1 .85 .om
LK .0078 192 L0841 084l 004
00-15-3.45..........] 148 | .o08l 1 679 | .pes | .007
00-15-3.45(4-1}... ... 1.32 . 0083 181 . 857 . 059 . 00§

" 1 The first group of numbers Jesiguates the mean Jins of the airfoll sectlons; the
next mu’g glves the angls of sweapback In degress; the last group gives ths aogle of

Ooold.i.nm the sarodynamio canter: p Is the distance {rom the leading edge of
the root chord; mdlhthedhhnuaboul‘l’urootch rd. ¢ o

-t

TABLE VI.-COMPARISON OF CALCULATED AND
EXPERIMENTAL VALUES

Fa.e-
= 7 *a) ¢
Wing
Calca-| Experi-| Caleu-| Experi-| Caleu-| Experi-| Calcu-| Experl-
ted | mental] lated | meotal] la mental | la mental
00-00. ... f O 0 0 =0.014 0 0 0074 | 0078
24-0-0 . -.040 | 0 -022 | -7 =L7) .074| 074
- 043 [ .45 L35 [ =LT7[ =L9| .07¢| 075
—.042 | .T44 L8| ~LT —-LB| .04 072
002 [ T4 . 780 .9 T .04 (076
L003 | 348 .48 L1 L2 .04 076
a 004 | L HS L 351 -8 -7 074 | 078
00-15-3.4 00T | LS .48 1.1 LG] .07¢| .07
00-15-3. H(l-l) pp—— L0005 | M5 I~ . 3 (R T .5 076




